In this work, wire electric discharge turning, a novel and unconventional technique, was used for the turning operation of a newly developed hybrid metal matrix composite of aluminum (A359/B 4 C/Al 2 O 3 ) fabricated inhouse by electromagnetic stir casting. The objective of the work was to examine the effect of rotational speed on the elements of surface integrity. It involved the measurement of various parameters such as the roughness (Ra, Rq, Rz), morphology of the recast layers, microhardness variation, and the formation of residual stresses on the machined surface and in the subsurface during the operation. The quality of the turned surface was examined by 3D surface visualization images and surface topographical details obtained by an Olympus LEXT OLS 3100 laser confocal microscope. Further, surface study at the microscopic level was done by field-effect scanning electron microscopy (FE-SEM) images to examine the surface defects. The measurement results revealed a successful turning operation, which showed a dull, textured surface without any specific texture or pattern on the machined surface. The surface had many peaks and valleys with small-scale of defects such as surface porosity. However, these defects were negligible and resulted in a smooth surface finish at high rotational speeds.
Introduction
Metal matrix composites (MMCs) are advanced materials containing the nonmetallic phase of the reinforcing material in the metallic phase of the matrix alloy and having improved properties compared to those of the basic alloy. Aluminum composites are very suitable materials for the automobile and aircraft industries because of their favorable properties such as light weight, high hardness, higher tensile and compressive strengths, better wear, and high corrosive resistance [1] [2] [3] . Reinforcements are added to the base alloy depending on the final desired properties [4] . The addition of two or more reinforcements into the metal matrix makes hybrid MMCs, which can overcome the negative aspects of the MMC with a single reinforcement [5, 6] . MMCs are used in manufacturing industries because of their extensive applcations. However, machining of these materials is still a challenging task. The presence of hard reinforcing particles in the MMCs leads to the high tool wear. Moreover, carbide tools show significant tool wear even for a very short period of machining [7] .
Unconventional machining provides better alternatives for machining these materials compared to conventional machining [7, 8] . Thermal erosion processes, such as wire electric discharge machining (WEDM) [8] , and cold alternative methods such as abrasive waterjet machining [4, 5] are the preferred methods in this regard. WEDM is a thermal erosion process through spark generation by using a wire electrode against an electrically conductive work material [9] . The electric discharge produced during the operation erodes the material from the workpiece by initiating small cracks and craters via melting and vaporizing the material, which is then flushed away by means of a dielectric fluid. The process is suitable for generating intricate 2D and 3D shapes with good accuracy and high surface finish. It is suitable for hard-to-cut materials such as steels, alloys, and composites [10] . The process is capable of making dies and engine parts more efficiently than conventional machining which involves many processes such as cutting, grinding, and polishing and leads to higher cycle time [11] . WEDM can also be used for turning operations, known as wire electric discharge turning (WEDT), which is an alternative to abrasive waterjet turning [12] . In WEDT, a cylindrical workpiece rotates axially against the traverse motion of the wire electrode (Figure 1 ), which helps the removal of the material from the surface of the workpiece.
The major process parameters of WEDM and WEDT are similar; however, in WEDT the rotational speed (in rpm) is also considered, which affects the process outcome [12] . The surface integrity of the turned surface plays a major role in assessing the quality of the machined surface and its subsurface. The characteristics of the subsurface include the thickness of the heat-affected zone (HAZ), which depends on various process parameters [13] . A surface free from defects (such as tearing, cracks, phase transformation, plastic deformation, and recrystallization) and has better roughness value, high fatigue life, and high dimensional accuracy is in great demand in today's manufacturing industries. The WEDM process is greatly affected by the melting and vaporization of the machined surface and its subsurface, which depend on the machining parameters such as the discharge current. At high discharge currents, the material undergoes a higher level of melting and vaporization due to the heat generated, which tends to case-harden the machined surface and in some cases extend to a depth beneath the surface [13, 14] . These surface studies are also necessary because of the occurrence of microstructural changes, hardening of the layers, and phase transformation. It also causes variations in the microhardness values. The measurement of microhardness during the machining of MMCs plays an important role in deciding the surface quality. In the case of MMCs, the microhardness of the machined surfaces is characterized by the fine-grained structure and homogeneous mixing of thee reinforcements [15, 16] . The rapid cooling during WEDT increases uneven solidification. It also leads to an increase in porosity and micro-holes in the recast layer, due to which the sudden changes of microhardness on the machined surface and in the depth below the machined surfaces can result. A significant amount of work has been done on the integrity of the surface machined by WEDM for flat surfaces, but limited work exists on the WEDT of cylindrical surfaces. Masuzawa et al. [17] , for the first time, reported the turning operation via WEDM to manufacture smalldiameter pins and a shaft, which were used as a part of a tool for micro-EDM application. They found that the wire speed, power, and servo voltage were significant parameters for obtaining roundness. However, surface roughness was greatly affected by the power. Haddad et al. [18] investigated the effect of the machining parameters on the surface roughness, roundness, and material removal rate (MRR) in the cylindrical WEDT of AISI D3 tool steel. They examined the integrity of the machined surface and subsurface. Scanning electron microscopy (SEM) images were presented to explain surface defects such as craters and macro-ridges. They also discussed the depth of the HAZ to explain the subsurface properties. In continuation of their study, Haddad and Tehrani [19] reinvestigated the effect of the machining parameters on MRR in cylindrical WEDT by using the response surface methodology (RSM). It was observed that for maximum MRR, the voltage and power should be fixed at the highest values and other parameters should be set at minimum. Mohammadi et al. [20] worked on the optimization of MRR using statistical analysis in WEDT. The effect of multiple parameters, such as power, voltage, time-off, wire speed, wire tension, rotational speed, and servo voltage, on MRR was investigated. Signal-to-noise (S/N) ratio analysis was used to obtain the optimal condition. Rajkumar et al. [21] studied the turning of the Al/SiCp MMC by WEDT. A regression equation was derived for MRR for easier prediction. The results showed that high pulse on-time, medium gap voltage, and lower spindle speed led to higher MRR and efficient machining. Jabbaripour et al. [22] studied the microhardness of the recast layer deposited during EDM machining of Ti6Al4V. The results showed that an increase in pulse energy increased the microhardness and thickness of the recast layer deposited. Baki et al. [23] machined the Ti-6Al-4V titanium alloy by WEDT to optimize the input parameters and also to observe their effect on MRR and surface roughness. They implemented grey relational analysis for the optimization of the output obtained by ANOVA and concluded that the proposed methodology could effectively deal with the multiresponse optimization problem. Giridharan and Samuel [24] worked on the multiobjective optimization of MRR and surface roughness in WEDT. The WEDT process was modeled using an artificial neural network with the feedforward backpropagation algorithm and using an adaptive neuro-fuzzy inference system. The experiments were designed based on the Taguchi design of experiments to train the neural network and to test its performance. Janardhan and Samuel [25] used pulse train data analysis to investigate the effect of the machining parameters on the performance of WEDT. Thy observed that the rotation of workpiece caused arc regions during WEDT. Ramamurthy et al. [26] compared the surface finish and kerf width produced while machining Ti6Al4V using different wire electrodes. They used the Taguchi L9 array in their study, and concluded that the pulse off-time had a very significant influence on the machining responses. It is thus evident from the literature review that most of the research work was focused on the effect of the process parameters on surface roughness and MRR while machining homogeneous, hard materials. In this article, we discuss the evaluation of the turning operation on a newly developed hybrid MMC A359/B 4 C/Al 2 O 3 [27, 28] . The integrity of the surface created during WEDT is analyzed through different measurement techniques. The effect of rotational speed on the surface roughness and MRR is also examined. The quality of the turned surface is examined by a laser confocal microscope and by field-effect scanning electron microscopy (FE-SEM). The parameters of roughness such as Ra, Rq, and Rz are measured using an optical profilometer. The study of recast layers, microhardness depth profiles, and residual stresses in the subsurface is also carried out.
Experimental procedure
The experimental material consists of the A359 aluminum alloy (Si 8.5-9.5%, Cu 0.2%, Mg 0.5-0.7%, Mn 0.1%, Fe 0.2%, Zn 0.1%, Ti 0.2%, and Al the remaining) as a base metal and B 4 C and Al 2 O 3 as reinforcing materials. A359 has good casting and wettability properties. Its thermophysical properties are shown in Table 1 . B 4 C is the third hardest material after diamond. It is cubic boron nitrate and possesses relatively low specific gravity, high wear resistance, and high impact resistance. Al 2 O 3 is a hard material and is resistant to wear. It has good dielectric properties, high strength, and good thermal conductivity. The properties of B 4 C and Al 2 O 3 are also shown in Table 1 . The reinforcements were added in the proportion of 2% by weight of each component to the base metal. Electromagnetic stir-casting process was used in the fabrication process of the hybrid MMC. A detailed description of the working principle and fabrication process has been given in our previous work [29] .
The machining work was carried out on a Maxicut e CNC wire-cut electric discharge machine manufactured by Electronica Machine Tool Ltd. A special turning setup was developed and mounted on the conventional WEDM machine (Figure 2 ) to provide an additional degree of freedom in the rotational axis. A chuck was fitted to a fixture and operated with the help of an electric motor and belt pulley arrangement to rotate workpiece against the traverse motion of the wire electrode. The rotational speed of the motor and chuck could be adjusted using regulators. The traverse motion of the wire electrode in the X-and Y-direction of the WEDM machine could be varied to get the desired cylindrical shape of the workpiece. The working range and other specifications of the machines are given in Table 2 . In the experiment, the turning operation is performed on the developed hybrid MMC. Hence to measure the effect of rotation during WEDT on the tested hybrid MMC, the rotational speed was selected as the variable parameter. The other technical parameters were kept constant, as shown in Table 3 . A cylindrical workpiece of diameter 20 mm was used as the workpiece. The range of the turning speed coul be varied from 70 to 700 rpm using this setup. On the basis of a pilot run, it was concluded that small variations in the rotational speed have only an insignificant effect on the surface quality. Hence to cover the wide range of roational speed, 200, 400, and 600 rpm were selected to create three different surfaces.
The turning mechanism and turning operation are shown in Figure 3 . The effect of the rotational speed on the resulting surface roughness and MRR was assessed. The surface roughness [Ra: average roughness; Rq: average rootmean-square (RMS) roughness; Rz: average maximum height of the profile] was measured by a noncontact type roughness tester (MicroProf FRT optical profilometer). All measuring surfaces were scanned, and the scanned data were used to generate the values and graphs using the scanning probe image processor (SPIP) software. Surface roughness values and graphs, along with 3D plot, were also recorded and captured simultaneously. The 3D plot of the surface was done by an in-built sensor (SEN 00003). The other basic measuring parameters of optical profilometer are shown in Table 4 .
The MRR was also calculated by using Eq. (1) to measure the machining outcomes. In the equation, D (mm) is the initial workpiece diameter, d (mm) is the final diameter, l (mm) is the length of turning, and t (min) is the machining time.
The 2D and 3D topographical details of the machined surfaces and their qualitative description were captured by an Olympus Lext OLS 3100 laser confocal microscope. FE-SEM images were also acquired using a Zeiss Supra 55 FE-SEM machine to study the morphological details of the developed MMC and the machined surfaces. While analyzing the subsurface, the residual stress was measured by a GIXRD X-ray diffraction machine. When X-rays are allowed to interact with the sample surface, it produces a diffracted beam which follows Bragg's law nλ = 2d sin θ, where λ is the wavelength, θ is the diffraction angle, and d is the lattice spacing (called the d-spacing). The mathematical relation of d vs. sin 2 α (obtained from XRD machine) is then used to calculate the residual strain ε. The residual stresses are measured using Hook's law by taking Young's modulus as 113 GPa and Poison's ratio as 0.275, as reported by the tensile testing of the developed hybrid MMC. The depth profile of the sample was obtained by polishing and etching ultrathin surface layers down to ~250 μm. The sample for microhardness testing was prepared by metallographic polishing, and the Vickers indentation test was performed at a load of 100 g for 10 s. The depth from the surface was taken as the same as in the residual stresses profile.
Results and discussion
The hybrid MMC of A359 + 2% Al 2 O 3 + 2% B 4 C was successfully developed by electromagnetic stir-casting in the laboratory. After testing and characterization, the mechanical properties of the hybrid MMC [25] were measured, which and reported in Table 5 . The FE-SEM images of the developed hybrid MMC are shown in Figure 4A -F. These figures show the mixing of the reinforcement as well as the casting defects. The solid solution of the base aluminum alloy and an interdendritic network of aluminum-boron or aluminum-silicon eutectic mixture can also be observed. Because of the low density of B 4 C particles compared to that of the base metal A359, it flows in the aluminum melt, which causes a nonuniform distribution of these particles. Some regions of the MMC show particle-free zones. However, clustering of the reinforcements are seen at some places, which is due to the lack of turbulence during mixing. A higher magnification image shows the presence of different particles dispersed in the matrix phase, which can be seen as different shades of gray in the images. Some brightly colored phases are also found, which show that there are some particles that reflect the field-emission electrons at a higher rate. These particles may be due to the presence of reinforcements or some other particles of the base metal. However, porosity, microcracks, and small-scale blow-holes are also seen in the composite, but they are negligible compared to the better and improved properties of the composite. Figure 5 shows the hybrid MMC sample turned via WEDT. On visual observation, the surface appeared relatively homogenous without any cutting lines, tool marks, or specific texture or pattern.
The surfaces were not glossy because of the thermal decomposition. On increasing the rotational speed, the surface seemed to improve and more precisely finished. However, small pores became visible on the surface. This is attributed to the melting of the matrix material and simultaneous dielectric flushing, due to which the reinforcements get dislodged from their place and create a void on the surface of the workpiece. It leads to an increase in the surface roughness. The size of these pores was measured to be in the range 5-15 μm. It was observed that on increasing of rotational speed from 200 to 600 rpm, the average roughness Ra changed from 4.8 to 6.2 μm, Rq from 6.25 to 7.79 μm, and Rz from 38.5 to 45.92 μm; the corresponding values are shown in Figure 6A -C, respectively.
It is attributed to the fact that, in case of WEDT, the flushing pressure of the deionized water helps to remove the debris and excess material. However, because of the rapid cooling, the solidification rate is nonuniform, which leads to a slightly higher range of the surface roughness value. It was also observed that while increasing the rotational speed, the surface finish showed an improving trend. This is because at higher rotational speeds, the circumferential length of the workpiece crossing the spark zone increases per unit time but the pulse energy (during pulse ON-time) available remains same for the same time interval. So, the spark zone formation decreases, which reduces the rough cutting. Figure 6A shows that the surface roughness Ra decreases by 22.58% with the increase in rotational speed. Similar trends are observed for the other roughness parameters (Rq and Rz), which decreases by 19.76% and 16.16%, respectively. On the other hand, for these reasons, the value of MRR decreased by 39.61% on increasing the rotational speed up to 600 rpm, as shown in Figure 7 . In the range of MRR from 32.5 to 19.5 mm 3 /min, slow material removal was observed while increasing the rotational speed. A similar trend was also reported by other authors [10, 30, 31] . This is due to the fact that the machine itself adjusts the traverse speed in the range 0.1-0.3 mm/min. The major difference observed between the cutting and turning operations by the wire EDM process is in the generation of the effective spark. The amount of effective spark produced is less in WEDT than in WEDC for the same time interval and for the same travel length per unit time.
The 2D and 3D visualization of the machined surface at different rotational speeds are shown in Figure 8A -C. It is seen from the 3D images that a circular curvature without any undulation is present on all surfaces. Smallscale porosity as well as voids are observed on the surfaces, which follow a decreasing trend at higher rotational speeds.
Roughness measurement result already indicated that, at lower rotational speeds, the surface roughness increases. At the lower speed, the discharge energy per unit time per unit length is more, which causes a high rate of melting and vaporizing of the workpiece surface, and vice versa. The other reason behind the higher surface roughness is the formation of voids. The reinforcement particles, which were hard to cut and came in the path of the wire electrode, got dislodged from their places and created voids on the surface of the workpiece due to the melting and flushing action of the dielectric fluid. Reinforcement percentage is another important factor affecting these surface defects. The melting of the matrix metal is also obstructed by the clustering of the hard reinforcement particles in the MMC. As a result, they are split in the form of brittle fracture and create voids at that place. The 2D and 3D surface topographical images of the machined surfaces captured using an Olympus Lext OLS 3100 laser confocal microscope at the different rotational speeds are shown in Figure 9A -C. The images show the uneven melting of the surface due to the thermal erosion phenomenon. The workpiece material melts and resolidifies during the process, and this results in the generation of craters, peaks, and valleys over the entire machined surface. It is to be noted that in the no-spark zone, the solidification of the recast layer is nonuniform, which also creates several peaks and valleys. These valleys and craters are mainly responsible for the roughness of the material. Small microcracks are also be observed on uneven surfaces because of the nonuniform cooling of the surface. Moreover, some of the wire material also gets deposited on the machined surface.
The FE-SEM images of the surface show the melting and vaporization of machined surface, deterioration of surface, as well as surface defects such as craters, microcracks, and cavities ( Figure 10 ). Some spherical nodules (droplets) of the resolidified metals are observed on the machined surface. It is due to the nonuniform solidification, i.e. the molten metal does not form a homogeneous phase and appears separately in the form of nodules because of surface tension [32] . The top surface due to the resolidification of the metal is called a recast layer (Figure 11 ). This layer is formed as a result of the resolidification of the workpiece material as well as decomposition of the wire material (zinc and brass), which get neither vaporized nor flushed out by the deionized flush pressure. Microcracks and a small amount of porosity are also seen in the recast layers, which may be due to the high surface residual stresses during quenching or resolidification of the molten material. These defects lead to the reduced hardening of the top of the machined layer. It was seen from the analysis that at lower rotational speeds, the presence of microcracks and craters on the surface was higher. This is due to the high pulse energy per unit length of the workpiece, which causes more melting from the surface and leads to deep craters and severe microcracks, vaporization, and resolidification.
Because of the thermal erosion of material from the machined surface, an HAZ is formed. This changes the property of machined surface as well as the subsurfaces [10] . Initially, without machining, the residual stress is nonsignificant or negligible but compressive in nature due to the natural solidification and shrinkage of the cast hybrid MMC before turning [27] . It is seen from the graphs (Figure 12 ) that residual tensile stresses are found in the case of WEDT because of the thermal erosion process. This is attributed to the fact that thermal stresses are induced in the HAZ below the machined surface. Figure 12 shows the variation of the residual stress through the depth from the surface of the machined sample by varying the rotational speed. The residual tensile stress at a depth of 20 μm was found to be 340, 324, and 310 MPa for the different rotational speeds, respectively. However, with increasing depth from the surface toward the core of the workpiece, the effect of thermal erosion process is negligible. It reaches the original residual stress of the cast hybrid MMC before turning and is found near the depth of 250 μm approximately, which is compressive in nature. Other researchers have also reported the generation of residual tensile stresses in the subsurface [10, 33] . The graph also indicates the decreasing trend of the residual tensile stresses with increasing rotational speeds. It is because at lower rotational speeds, the maximum discharge energy per unit circumferential area per unit time is available. It has more time for melting, vaporizing, quenching, and resolidification for a particular area and hence tends to increase the HAZ and thermal stresses. The other phenomena, such as decomposition and resolidification of workpiece and wire electrode material at the machined surface, are probably responsible for the increase in the residual stress. The results of the microhardness testing are shown in Figure 13 . Initially, the microhardness of the sample was 200 HV before machining. Microhardness was measured along the cross-sectional plane at the initial indentation depth of 20 μm. It is observed from the graph that, for the WEDT, the microhardness values at a depth of 20 μm are found to be 165, 176, and 185 HV at 200, 400, and 600 rpm, respectively. These values seem lower than the hardness value of the as-cast hybrid MMC. It is attributed to the reduced hardness of the recast layer. The porosity and micro-holes in the recast layer are high at high discharge energy, which tend to reduce the hardness [10] . Another reason is the oxidation of elements of the recast layers, such as zinc, copper, and brass, which decreases its hardness [33] [34] [35] . When the rotational speed increases, the availability of the discharge energy per unit circumferential length of the workpiece decreases. It reduces the thickness of the recast layer, and hence the microhardness shows an increasing trend. As the depth increases beyond the recast layer, the microhardness of the machined surface increases by ~10-15% up to the depth of 50 μm. This is due to the microstructural changes of the machined surface during the erosion process. However, these increments become negligible at a depth of 250 μm.
Conclusion
The turning operation of the hybrid MMC A359/B 4 C/Al 2 O 3 was succesfully performed by WEDT. It can be concluded from the results that WEDT is suitable for hard-to-cut conductive materials such as MMCs. On the basis of surface topography results, it could be concluded that the WEDT surface has a dull appearance because of the deposition of the resolidified layer, which is thermally affected, but the surface is free from any particular surface texture or cutting marks. However, a few surface defects like porosity were observed on the machined surface, which were associated with the dislodging of reinforcements from the workpiece surface due to high flushing and circumerencial matrix material melting during the turing operation. The surface roughness values were in the range 4.8-6.2, which shows a decreasing trend with increasing rotational speed. The MRR value decreases on increasing the rotational speed. The major difference observed between cutting and turning by the wire EDM process is in the generation of the effective spark. The amount of effective spark produced is less in WEDT than in WEDC for the same time interval and for the same travel length per unit time. The surface topographical images also revealed that all the machined surfaces had small craters, valleys, and peaks. Overall, the desired surface finish was found with fewer machining defects. Some microcracks were also noticeable on the surface. A recast layer comprising resolidification of the work material and the wire material was also observed on the machined surface. The HAZ in the machined sample was found down to 250 μm from the machined surface, which tended to induce residual stresses and an increase in the microhardness of the machined sample.
